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Edited by Mark StittAbstract In higher plants, PII is a nuclear-encoded plastid
protein which is homologous to bacterial PII signalling proteins
known to be involved in the regulation of nitrogen metabolism. A
reduced ornithine, citrulline and arginine accumulation was
observed in two Arabidopsis PII knock-out mutants in response
to NHþ4 resupply after N starvation. This diﬀerence could be
explained by the regulation of a key enzyme of the arginine bio-
synthesis pathway, N-acetyl glutamate kinase (NAGK) by PII.
In vitro assays using puriﬁed recombinant proteins showed the
catalytic activation of Arabidopsis NAGK by PII giving the ﬁrst
evidence of a physiological role of the PII protein in higher
plants. Using Arabidopsis transcriptome microarray (CATMA)
and RT-PCR analyses, it was found that none of the genes
involved in the arginine biosynthetic or catabolic pathways were
diﬀerentially expressed in a PII knock-out mutant background.
In conclusion, the observed changes in metabolite levels can be
explained by the reduced activation of NAGK by PII.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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PII is a highly conserved protein present in higher plants,
cyanobacteria and eubacteria [1]. In prokaryotic systems, PII
proteins are involved in the sensing of the carbon (and indi-
rectly the nitrogen status) of the cell through its allosteric bind-
ing to a-KG and ATP [2]. It is involved in the regulation of
several metabolic pathways such as ammonium uptake and
assimilation in Escherichia coli, nitrate/nitrite uptake and
assimilation in cyanobacteria [2,3] and heterocyst formation
in Anabeana [4]. In bacterial systems, PII signalling proteins
undergo a post-translational regulation by phosphorylation
on Ser-49 in Synechocystis and by uridylation on Tyr-51 in
E. coli [5].Abbreviations: a-KG, a-ketoglutarate; CATMA, complete Arabidopsis
transcriptome microarray; Col, Colombia ecotype; DW, dry weight;
GS, glutamine synthetase; NAGK, N-acetyl-L-glutamate kinase; WS,
Wassilewskija ecotype
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doi:10.1016/j.febslet.2006.02.075Depending on the a-KG concentration and the post-transla-
tional regulation status, PII can interact with target proteins
and therebymodify their activities. Somepartners of thePII pro-
tein have been identiﬁed in bacteria at themolecular level such as
NRII (a protein kinase/phosphatase) that regulates GlnA tran-
scription by NRI (a transcription factor), an adenyltransferase
(ATase) that inhibits glutamine synthetase (GS) activity [2]
and a high aﬃnity NHþ4 transporter [6]. In cyanobacteria, PII
is believed to modify the activity of a nitrate/nitrite transporter
and a high aﬃnity bicarbonate transporter [3]. More recently,
the cyanobacterial PII protein has been shown to interact and
regulate the activity of theN-acetyl-glutamate kinase (NAGK),
a key enzyme in the biosynthesis of arginine [7,8].
In plants, PII is a nuclear-encoded plastid protein [9,10] but
its physiological roles remain to be discovered. The plant PII
protein has been shown to bind a-KG and ATP [11], but a reg-
ulation by phosphorylation/dephosphorylation has not yet
been identiﬁed [12]. The analysis of transgenic Arabidopsis
plants over expressing the PII protein suggested that PII had
a role in nitrogen sensing [9]. When these transgenic plants
were in vitro grown in media containing high sucrose levels
with glutamine as the only nitrogen source, they accumulated
higher levels of anthocyanins compared to the wild-type [9]. In
a previous study, using PII knock-out mutants we suggested a
role for PII in the regulation of NO2 metabolism, as in cyano-
bacteria [13]. These PII mutants showed reduced AtGLB1
transcript levels and undetectable amounts of the PII protein
and displayed a higher sensitivity to nitrite ðNO2 Þ compared
to the wild-type plants when they were grown in vitro [13].
Furthermore, when grown hydroponically, they displayed a
decrease in total amino acids (mainly glutamine) and in ammo-
nium ðNHþ4 Þ levels in response to NHþ4 resupply after N star-
vation compared to the wild-type plants [13]. Moreover, the
level of carbohydrates (starch and sugars) was slightly in-
creased after N starvation and NHþ4 resupply treatments
[13]. Therefore, the absence of PII appeared to increase the
C/N balance, as already described for cyanobacteria.
Recently, using the yeast two-hybrid technique, it has been
reported that the Arabidopsis [7] and rice [10] NAGK is a po-
tential PII partner, as shown in cyanobacteria [8,14]. This sug-
gests that the higher plant PII protein might be involved in the
regulation of arginine biosynthesis. In this study we report the
physiological consequences of the absence of the PII protein
on arginine accumulation in PII T-DNA insertion mutants un-
der varying N-nutrition conditions. Furthermore, we show
that a recombinant Arabidopsis PII protein can activate the re-
combinant Arabidopsis NAGK in vitro.blished by Elsevier B.V. All rights reserved.
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2.1. Plant lines and growth conditions
The isolation and the characterisation of the homozygous PIIV1 and
PIIS2 mutant lines of Arabidopsis Wassilewskija ecotype (WS) and
Colombia ecotype (Col) have been described previously [13]. These
mutants contain undetectable amounts of the PII protein [14]. The
plants were grown hydroponically for 6 weeks under controlled condi-
tions and submitted to a N-deﬁciency for 5 days (t5) followed by a re-
supply of N (1 or 5 mM NHþ4 ) for 2, 4 and 6 days (t7, t9 and t11) as in
[13].
2.2. Overexpression and puriﬁcation of recombinant PII and NAGK
proteins
The fusion construct described in [15] was used for the production of
the C-terminal 6-histidine amino acid-tagged Arabidopsis PII protein.
The fusion construct used to produce an N-terminal 6-histidine ami-
no acid-tagged Arabidopsis NAGK protein was made by cloning a
PCR-ampliﬁed NAGK cDNA into the pSBET-HT expression vector.
Arabidopsis leaf cDNA were made by the reverse transcription of total
RNA (puriﬁed using TRIZol, as described by Invitrogen) using reverse
transcriptase and an oligo-dT primer. The products of this reaction
were used to PCR amplify a coding region of NAGK (At3g57560)
using the 5 0 primer CAATCGCCATGGGAAATGCACCTTCACC
(containing an added NcoI restriction site) and the 3 0 primer CCAT-
TACAAGATCTTTATCCAGTAATC (containing an added BglII
restriction site) and pfu polymerase. This led to the removal of the pre-
dicted chloroplast targeting sequence and meant that the recombinant
protein started at position 60 with respect to the predicted amino acid
sequence of the gene. The blunt-ended PCR product was gel puriﬁed
and cloned into EcoRV-digested pBluescript II SK plasmid and posi-
tive clones were sequenced to verify the nucleotide sequence of the in-
serted NAGK. The NcoI–BglII restriction fragment containing the
NAGK coding region was gel puriﬁed and ligated into NcoI–BamHI
digested pSBETa-HT (a modiﬁed pSBETa plasmid, [16]) to produce
the required fusion construct. This expression vector adds an
MHHHHHHTM N-terminal extension to the recombinant NAGK
protein (as described in [17]).
To produce recombinant proteins, E. coli BL21(DE3) strain was
transformed with the fusion constructs. Protein expression was initiated
by the addition of 100 lM IPTG and the cells were grown for a further
3 h at 37 C. Bacterial cells were harvested, resuspended in 3 ml lysis
buﬀer (20 mM Tris, pH 7.5, 150 mM NaCl and an EDTA-free anti-
protease cocktail (Complete Mini, EDTA-free, Roche)), broken by
three passages through a French press at 60 MPa, and centrifuged
at 20000 · g (30 min, 4 C). The resulting soluble fraction was used
to purify the His-tag containing recombinant proteins by His-Select
Nickel Aﬃnity gel (Sigma) chromatography according to the manufac-
turer’s instructions for batch/gravity ﬂow puriﬁcation. The recombi-
nant proteins were eluted using either 300 lM imidazole or 100 mM
EDTA (in lysis buﬀer). About 9 mg of puriﬁed PII or NAGK proteins
were obtained from 1 l of culture.
2.3. Transcriptome analyses
The transcriptome analysis was performed with complete Arabidop-
sis transcriptome microarray (CATMA) arrays containing 24576 Gene
Speciﬁc Tags from Arabidopsis thaliana [18,19]. One dye swap was per-
formed for each comparison. RNA was extracted from the rosettes of
three plants for each genotype and growth condition using TRIzol
(Invitrogen, Carlsbad, CA). cRNAs were produced from 2 lg of total
RNA from each pool with the ‘‘Message Amp aRNA’’ kit (Ambion,
Austin, TX). Then 5 lg of cRNAs were reverse transcribed in the pres-
ence of 200 U SuperScript II (Invitrogen, Carlsbad, CA), cy3-dUTP
and cy5-dUTP (NEN, Boston, MA) and hybridized as described
[20]. The statistical analysis was performed as described in Lurin
et al. [20] based on one dye-swap, i.e. two arrays each containing the
24576 GSTs and 384 controls. An array-by-array normalization was
performed to remove systematic biases. First, spots were excluded that
were considered badly formed features by the experimenter. Then a
global intensity-dependent normalization using the loess procedure
[21] was performed to correct the dye bias. Finally, on each block,
the log-ratio median was subtracted from each value of the log-ratio
of the block to correct a print-tip eﬀect on each metablock. To deter-
mine signiﬁcantly diﬀerentially expressed genes, a paired t-test was per-formed on the log-ratios. The raw P-values were adjusted by the
Bonferroni method [22], which controls the family wise error rate
(FWER) The results of the microarray data analysis are shown as
the ratio of the intensities for each gene in the two genotypes analysed
(after the recalculation from the initial data expressed as a log2 ratio
provided by the CATMA analysis).
2.4. RT-PCR analysis
Reverse transcription of leaf total RNA was as described above.
NAGK and ADC1 transcripts were analysed by semi-quantitative
using 3 0UTR primers and three diﬀerent quantities of the reverse tran-
scription reaction. ADC1 and ADC2 transcripts were analysed by real
time RT-PCR analysis using EF1a as a constitutive reference as de-
scribed in [13]. The following primers were used: for NAGK as a for-
ward primer 5 0-TGCTGTAATGGGTGATCATC-30 and as a reverse
primer 5 0-CAGATTTGACATCCTAATGAAC-30, for ADC1 as a for-
ward primer 5 0-CTTATTTCGGTTGATTGAGAGAGAC-3 0 and as a
reverse primer 5 0-ATTATTAAATTTTGCTAAGAGTTTGTCTT-30
and for ADC2 as a forward primer 5 0-GTTGCATTATATTATCGT-
3 0 and as a reverse primer 5 0-AGGCTTTCATAATTCGGA-3 0.
2.5. Amino acid and NH4 determinations
Total soluble amino acid were extracted using a three-step ethanol–
water procedure and the quantiﬁcation of arginine (Arg), ornithine
(Orn) and citrulline (Cit) was obtained by ion exchange chromatogra-
phy, as described in [13].
2.6. N-acetyl-L-glutamate kinase analysis and total protein
determination
The activity of puriﬁed recombinant NAGK was measured using the
hydroxylamine-containing colorimetric assay. NAGK activity was as-
sayed for 30 min at 37 C (the linearity of the measurement was ob-
served for 45 min, data not shown) using a 400 mM Tris–HCl (pH
7.5) reaction buﬀer containing 400 mM NH2OH–HCl, 20 mM MgCl2,
10 mM ATP, 40 mM N-acetyl-L-glutamate according to [8] and mod-
iﬁed according to [14]. The reaction was stopped by the addition of 5%
(w/v) FeCl3 Æ 6H2O, 8% (w/v) trichloroacetic acid and 0.3 mM HCl
according to [8]. The calculation of the speciﬁc activities was per-
formed by the formation of an N-acetyl-L-glutamylhydroxamate-
Fe3+ complex which was measured at 540 nm as described in [8].
The activation of NAGK activity by recombinant PII protein was
tested by measuring the activity of recombinant NAGK (30 nM mono-
meric polypeptide) in the presence or in the absence of puriﬁed recom-
binant PII protein (0–75 nM monomeric polypeptide) using the
reaction buﬀer as described above. NAGK activation was deﬁned as
the ratio of NAGK activity measured in the presence of the PII protein
to the NAGK activity measured in the absence of PII protein.
The concentration of total soluble plant leaf protein or puriﬁed re-
combinant protein was determined using a commercially available
kit (Coomassie protein assay reagent, Bio-Rad, Munich, Germany)
with bovine serum albumin as a standard.3. Results
3.1. Decrease in ornithine, citrulline and arginine contents in PII
mutants
Since NAGK is a potential PII target protein in higher
plants, the impact of an absence in the PII protein on the accu-
mulation of Arg and its main precursors (Orn and Cit) has been
examined in PII knock-out mutants in response to varying
nitrogen conditions. The level of Orn, Cit and Arg appeared
to be lower (up to 40%) in the PII mutants grown for 6 weeks
on 1 mMNO3 (t5 1NO3) (Fig. 1A–C). The level of these amino
acids decreased after 5 days of N deﬁciency (t5 ON) so that no
diﬀerences could be detected between the WT and mutant
plants (Fig. 1A–C). An accumulation in Orn, Cit and Arg
was observed 4 days (t9) after the resupply of 1 and 5 mM
NHþ4 in both types of plants. However, this accumulation
was signiﬁcantly lower in the PII mutant when compared to
Fig. 1. Ornithine (A), citrulline (B) and arginine (C) contents in PII
mutants grown under varying nitrogen conditions. WS wild type (light
grey bar), Col wild-type (white bar), PIIV1 mutants (dark bar) and
PIIS2 mutants (grey bar) plants were grown hydroponically under
controlled conditions and 1 mM NO3 for 5 weeks (t5, 1 mM NO3),
submitted to 5 days of N deﬁciency (t5, 0 mM NO3) and then
resupplied for 4 days with 1 mM NHþ4 (t9, 1 mM NH4) or 5 mM NH
þ
4
(t9, 5 mM NH4). The values are measurements performed on the
extracts of three pooled plants.
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Fig. 2. Pathways of arginine biosynthesis and catabolism in Arabid-
opsis (the abbreviations are described in Table 1).
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duced by 40–70% in the PII mutants (Fig. 1A–C).
3.2. Transcriptome analysis of the Arg biosynthesis pathway
Microarray analyses were performed in order to compare
the gene expression pattern in the PIIV1 mutant with respect
to the WS under the nutrient conditions that revealed physio-
logical diﬀerences in amino acid accumulation. The complete
set of microarray data have been deposited in the EBI data-
base: ArrayExpress, Accession number E-MEXP-446. The
microarray analysis provided large-scale information, but only
the data dealing with the Arg biosynthesis and catabolism
pathways is presented. Since a decrease in Arg, Orn and Cit
levels was observed after the resupply of 1 and 5 mM NHþ4
to the PIIV1 mutant it was important to determine which steps
of the Arg biosynthetic or catabolic pathways were modiﬁed in
the mutant (see Fig. 2). The expression of AtGLB1 was de-
creased by 80–85% in the PIIV1 mutant (Table 1) conﬁrming
the data previously obtained by real time PCR [13]. In con-
trast, all major genes implicated in Arg biosynthesis were not
diﬀerentially expressed between the PIIV1 mutant and the
WS wild-type plants, whatever the nutrient conditions, as seen
in the Table 1. Although the expression of the arginine decar-
boxylase 1 (ADC1) gene encoding an enzyme involved in Arg
catabolism (polyamine biosynthesis [23]) showed a 2-fold de-
crease in the PII mutant after 5 mM NHþ4 resupply (Table
1), this change was not conﬁrmed by semi-quantitative and
quantitative RT-PCR analyses (Fig. 3A and B). It should benoted that the expression of NAGK was not altered in the
PIIV1 mutant when compared to the WS. This observation
was conﬁrmed by semi-quantitative RT-PCR (Fig. 3A). Taken
together, these results suggest that the decrease in the Arg, Orn
and Cit levels are most likely due to a post-translational mod-
ulation of the Arg biosynthetic pathway.
3.3. Puriﬁcation and characterisation of recombinant NAGK
from Arabidopsis
In Arabidopsis, the PII protein and the NAGK are encoded
by single nuclear genes and both are localised to the plastids
[9,10]. Recombinant protein technology was used to examine
the eﬀect of PII on in vitro NAGK activity. His-tagged PII
and NAGK were puriﬁed from E. coli cells using nickel-aﬃnity
chromatography. Fig. 4A shows Coomassie blue-stained SDS–
PAGE gels containing soluble proteins obtained from PII
(Fig. 4A, lanes 1–3) and NAGK (Fig. 4A, lanes 4–6) trans-
formed bacteria at diﬀerent steps of the aﬃnity puriﬁcation
process. Elution with either imidazole or EDTA led to extracts
containing each recombinant protein at a purity that was close
to homogeneity (Fig. 4A, lanes 3 and 6).
3.4. NAGK activation by the PII protein
It has already been shown by the yeast two-hybrid technique
that the Arabidopsis [7] and rice [10] PII protein can interact
Table 1
Diﬀerential expression of the major arginine biosynthesis and catabolism pathways
Function Sequence ID 1 mM NO3 0N 1 mM NH
þ
4 5 mM NH
þ
4
Ratio
PIIV1/WS
P-value Ratio
PIIV1/WS
P-value Ratio
PIIV1/WS
P-value Ratio
PIIV1/WS
P-value
PII protein AT4G01900 0.19 0 0.17 0 0.16 0 0.17 0
Ornithine pathway
N-Acetyl glutamate synthase
(NAGS1)
AT2G22910 1.01 1 1.08 1 1.06 1 1.06 1
N-Acetyl glutamate synthase
(NAGS2)
AT4G37670 1.03 1 1.03 1 0.87 1 1.07 1
N-Acetylglutamate kinase activity
(NAGK)
AT3G57560 1.08 1 0.98 1 0.84 1 0.84 1
N-Acetylglutamate-5-P reductase
(NAGPR)
AT1G19940 0.82 1 1.02 1 0.86 1 1.08 1
N2-Acetylornithine transaminase
(NAOAT)
AT1G80600 1.07 1 1.12 1 1.03 1 1.33 1
N2-Acetylornithine glutamate
acetyltransferase (NAOGAcT)
AT2G37500 1.38 1 1.11 1 0.90 1 1.12 1
N2-Acetylornithine deacetylae
(NAOD)
AT4G17830 0.97 1 1.16 1 0.98 1 0.94 1
Arginine pathway
Carbamoyl-phosphate synthase
(CPS Sm)
AT3G27740 0.78 1 0.98 1 0.89 1 0.89 1
Carbamoyl-phosphate synthase
(CPS Lg)
AT1G29900 0.72 1 1.15 1 0.98 1 0.64 1
Ornithine transcarbamoylase,
(OTC Sm)
AT1G75330 1.20 1 1.00 1 0.98 1 1.05 1
Arginosuccinate synthase (AS) AT4G24830 0.98 1 1.13 1 0.94 1 1.13 1
Arginosuccinate lyase (AL) AT5G10920 1.20 1 1.07 1 0.76 1 0.93 1
Proline pathway
Ornithine aminotransferase (OAT) AT5G46180 0.98 1 1.06 1 1.06 1 1.23 1
Arginine catabolism/polyamine
biosynthesis
decarboxylase 1 (ADC1) AT2G16500 0.71 1 0.79 1 0.90 1 0.51 0
Arginine decarboxylase 2 (ADC2) AT4G34710 0.98 1 1.04 1 1.03 1 0.95 1
Arginine catabolism/urea cycle
Arginase 1 AT4G08900 1.03 1 1.03 1 1.01 1 1.05 1
Arginase 2 AT4G08870 1.01 1 1.06 1 0.93 1 1.04 1
Urease AT1G67550 0.93 1 1.23 1 0.80 1 1.10 1
Urease accessory protein (UREG) AT2G34470 1.01 1 1.03 1 1.13 1 1.34 1
Urease accessory protein (UREF) AT1G21840 1.02 1 0.91 1 1.19 1 1.20 1
Urease accessory protein (UREG) AT2G34470 1.01 1 1.03 1 1.13 1 1.34 1
CATMA microarrays were used to compare the expression of Arg metabolism genes (see Fig. 3 for the Arg metabolism pathway) between the PII
mutant and wild-type plants and the diﬀerential expression ratios are given. The P-value after the Bonferroni correction was used to determine which
genes were statistically diﬀerentially expressed. A P-value of 0 indicates that the diﬀerence in gene expression was statistically signiﬁcant (P < 106). A
P-value of 1 indicates that the diﬀerence in gene expression is not statistically signiﬁcant.
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of NAGK was studied in vitro using the above-mentioned
puriﬁed recombinant proteins. A basal NAGK activity could
be measured in the absence of PII. However, when PII (0–
75 nM of monomeric polypeptide) was supplied to the NAGK
reaction mixture (containing 30 nM of monomeric NAGK
polypeptide), a twofold increase in NAGK activity was mea-
sured (Fig. 4B). A maximal NAGK activation was observed
when at least 15 nM of monomeric PII protein per 30 nM of
monomeric NAGK (Fig. 4C) was present. This observation
was similar to that reported for PII activation of NAGK in
cyanobacteria although the NAGK activation by PII in Ara-
bidopsis (our work and [24]) was less marked than the 4-fold
activation observed in cyanobacteria [14]. The activation of
NAGK by PII was also tested in the presence of the known
PII allosteric eﬀector, a-KG. No signiﬁcant additive eﬀectwas observed in the presence of 0–500 lM a-KG (data not
shown), thus conﬁrming the recent observations of Chen
et al. [24].4. Discussion
The identiﬁcation of plant PII partners is essential to under-
stand the role(s) of this regulatory protein in higher plants. Re-
cently, the NAGK has been identiﬁed as a potential partner of
PII in Arabidopsis [7–24] and rice [10], by using a yeast two-hy-
brid screen or aﬃnity chromatography. Both the PII protein
and the NAGK have been localised to higher plant chloroplast
[9–24], therefore they have the potential to interact in planta.
NAGK is a key enzyme of the Arg biosynthesis pathway
(see details in Fig. 2 and in [25,26]). The consequences of
Fig. 3. Expression analyses of NAGK, ADC1 and ADC2 by RT-PCR.
Total RNA was extracted from plants grown hydroponically under
controlled conditions and supplied for 4 days with 5 mM NHþ4 (t9)
following 5 weeks under 1 mMNO3 and 5 days of N-deﬁciency. 1, 2 or
4 ll of the RT product was used for the semi quantitative RT-PCR (A).
For the real time RT-PCR, the results are expressed as a percentage of
EF1a gene expression used as a constitutive reference (B).
Fig. 4. Puriﬁcation and characterisation of recombinant Arabidopsis
PII and NAGK (A). Coomassie blue-stained SDS–PAGE gels
containing soluble proteins obtained from PII (lanes 1–3) and NAGK
(lanes 4–6) transformed bacteria at diﬀerent steps of the aﬃnity
puriﬁcation process as described in Section 2.2. Bacterial soluble
proteins not retained by the resin (lanes 1 and 4), the wash step (lanes 2
and 5) and elution of puriﬁed protein with either EDTA (PII) or
imidazole (NAGK) (lanes 3 and 6). The recombinant proteins
migrated at MM of 14 kDa (PII) and 30 kDa (NAGK) as shown by
the molecular markers (M) in kDa. Activation of NAGK by PII
protein (B and C). Recombinant NAGK activity (30 nM) measured in
the presence of increasing amounts of recombinant PII protein (B).
NAGK activation was expressed as the ratio of NAGK activity
measured in the presence of PII to the basal NAGK activity measured
in the absence of PII (C).
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have been studied in cyanobacteria [14]. Recently, it has been
observed that NAGK and PII form a complex that is regulated
by Arg in Arabidopsis [24]. Moreover PII has been shown to
decrease the feedback inhibition of NAGK by Arg in cyano-
bacteria [14] and in Arabidopsis [24].
In the present study, we have described the physiological
consequences of the absence of the PII protein on Arg biosyn-
thesis in Arabidopsis using PII-deﬁcient mutant plants. When
the PIIV1 and PIIS2 mutants were submitted to varying N
supplies in hydroponic culture (6 weeks on 1 mM NO3 fol-
lowed by 5 days of N-deﬁciency and then re-supplied for 2, 4
and 6 days with diﬀerent N-nutritions (1 and 5 mM NHþ4 ))
they displayed lower levels (up to 70%) of Orn, Cit and Arg
compared to the wild type plants (Fig. 1). This was more pre-
dominant when resupplied with NHþ4 . Our previous study has
already indicated that the level of major amino acids such as
Gln, Glu, Asp and Asn are also reduced (15% to 50%) in
the PII mutants but only in response to NHþ4 resupply but
to a lower extent than Orn, Cit and Arg [13]. These observa-
tions suggest that the Arg biosynthesis pathway is greatly
and speciﬁcally aﬀected in the PII mutants mostly under N-ex-
cess conditions, as described in cyanobacteria. The microarray
(Table 1) and RT-PCR analyses (Fig. 3) showed that Arg bio-
synthetic and catabolic metabolism genes were not diﬀeren-
tially expressed in the PIIV1 mutant under the nutrient
conditions tested. Therefore, a post-transcriptional regulation
of this pathway is a possible explanation. This is the case in
cyanobacteria, where NAGK is regulated by PII. Indeed, the
in vitro catalytic activation of NAGK by PII using Arabidopsis
recombinant proteins (Fig. 4) shows that this function of the
PII protein has been conserved between cyanobacteria and
higher plants. Moreover, NAGK has been shown to be less
feedback inhibited by Arg in the presence of PII [24]. There-
fore, the reduced accumulation in Arg, Cit and Orn observed
after the NHþ4 resupply in our Arabidopsis PII mutants can
be explained by the absence of PII leading to a lower NAGK
activity due to an absence of PII activation and to a higher
feedback inhibition by Arg. These data give the ﬁrst evidence
of a physiological function of PII in higher plants: the activa-
tion of NAGK, a key enzyme of the Arg biosynthesis pathway.Acknowledgement: We thank Jean-Pierre Renou (URGV, Evry,
France) for assistance with the CATMA data.References
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